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Abstract
The plant’s root system is highly plastic, and can respond to environmental stimuli such as high nitrogen (N) in patches. 
A root may respond to an N patch by selective placement of new lateral roots, and therewith increases root N uptake. 
This may be a desirable trait in breeding programmes, since it decreases NO3- leaching and N2O emission. Roots of 
maize (Zea mays L.) were grown without N in split-nutrient rhizoslides. One side of the slides was exposed to high N 
after 15 d of root development, and root elongation was measured for another 15 d, described in a time course model 
and parameterized. The elongation rates of crown axile roots on the N-treated side of the plant followed a logistic 
increase to a maximum of 5.3 cm d-1; 95% of the maximum were reached within 4 d. At the same time, on the untreated 
side, axile root elongation dropped linearly to 1.2 cm d-1 within 6.4 d and stayed constant thereafter. Twice as many 
lateral roots were formed on the crown axis on the N side compared to the untreated side. Most strikingly, the elonga-
tion rates of laterals of the N side increased linearly with most of the roots reaching an asymptote ~8 d after start of 
the N treatment. By contrast, laterals on the side without N did not show any detectable elongation beyond the first 
day after their emergence. We conclude that split-nutrient rhizoslides have great potential to improve our knowledge 
about nitrogen responsiveness and selection for contrasting genotypes.
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Introduction
Sustainable agriculture is of utmost importance to feed the 
ever-increasing world population. Over the past few dec-
ades, higher agricultural yields have been achieved through 
an increase in, among others, fertilizer application, which 
increased 7.3-fold from 1960 to 2002 (FAO, 2014). However, 
agriculture is currently facing the challenge of reducing 
nitrogen (N) input due to legislative and public pressure in 
developed countries. Nitrogen fertilization causes pollution 
of ground, surface and coastal waters via NO3
- leaching 
(Galloway et al. 2003, 2004; ENA 2011) and increases N2O 
emission, which contributes to global warming (IPCC, 2013; 
UNEP, 2013). In this context, it is a crucial goal to decrease 
such N losses without reducing crop yield. A  potentially 
interesting method to increase the fraction of N that is taken 
up by a crop is growing it under row fertilized conditions, 
which is the patch-wise application of fertilizer in the sowing 
row. An effective placement of roots would be needed to fully 
exploit the N patch supplied in this agrotechnique. However, 
studying root placement in the field in detail is difficult, due 
to neighbouring plants and the need for an invasive excava-
tion of the root system. In this study, we therefore quantified 
the response of maize roots to a high N patch in a rhizoslide 
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system (Le Marié et al., 2014) that allowed high resolution 
measurements of root elongation and architecture over time.
Plants generally respond to a local high nutrient patch by 
increasing lateral root length specifically within the patch, 
which is referred to as selective root placement (Fransen 
et al., 1998; Hodge, 2004; Visser et al., 2008). Selective root 
placement is known to occur in a broad range of plant spe-
cies (Robinson 1994; Cahill and McNickle 2011), including 
various cereals, in which increased lateral root elongation and 
lateral root density was observed in response to N patches 
(Hackett, 1972; Drew et al., 1973; Drew, 1975; Granato and 
Raper, 1989; Yu et al., 2014). Such an increase in root length 
and root density is important for nutrient uptake. Yet, the 
dynamics at which the roots respond to spatially variable 
nutrient supply is poorly understood. Hence, more detailed 
measurements are needed to determine which roots respond 
in which time frame to the locally increased nutrient concen-
trations. Zhang and Forde (2000) showed for Arabidopsis 
seedlings that lateral root elongation rate within the N patch 
increased linearly for the first 5 d to 3-fold of the original rate, 
while at the same time the elongation of the laterals outside 
the patch was only about half  this rate and levelled off. This 
suggests a rapid re-allocation of growth towards the part of 
the root system directly in contact with the local high nutri-
ent concentration. However, it remains doubtful if  responses 
of seedlings can be easily translated to more complex stages 
of root architecture. This is particularly true for maize where 
the post-embryonic root system (crown roots) develops ~14 d 
after germination and plays a major role in nutrient and 
water uptake (McCully, 1999). A promising number of col-
locations were found between quantitative trait loci (QTLs) 
for the number of embryonic roots and traits related to grain 
yield (Hund et al., 2011). However, only a few quantitative 
genetic studies focus on the characteristics of the crown root 
system (Hund et al., 2011). The limited research conducted 
on the post-embryonic root system leaves a big gap in our 
understanding of the plasticity and functioning of this most 
prominent root type of maize. The embryonic root system 
is typically still strongly influenced by seed properties (Enns 
et  al., 2006; Hund et  al., 2009; Le Marié et  al., 2014), and 
growth and responses may not be representative for roots that 
develop later. Phenotyping systems, which allow the screening 
of a large number of plants at later stages of development, 
such as GROWSCREEN-Rhizo (Nagel et  al., 2012) and 
rhizoslides (Le Marié et al., 2014), tackle this problem. There 
are different suggestions how the root system may optimize 
resource allocation to optimize the uptake of N and water. 
Lynch (2013) proposed an ideotype of maize to optimize 
water and N acquisition from deep soil layers. For this ideo-
type, the different root types specialize in different functions: 
embryonic roots are foraging for shallow soil resources, while 
crown roots expand rapidly deep into the soil, thereby being 
unresponsive to N availability. An alternative concept would 
be a strongly interactive framework of roots, of which the 
allocation towards different functions depends on the tempo-
ral and spatial availability of soil resources and the demand 
of the shoot. This would require nutrient sensing and coor-
dinated growth regulation of the various components of the 
root system, as suggested by de Kroon et al. (2009). Indeed, 
in Arabidopsis low availability of N in parts of the root sys-
tem is first signalled to the shoot which in turn triggers the 
expression of NO3
- transporter genes within root regions with 
high NO3
- content (Tabata et al., 2014). Most likely, there will 
be an optimum, balancing between foraging of locally avail-
able N and the need to acquire a deep root system for suf-
ficient water availability during grain filling. To evaluate the 
responsiveness of root growth on spatially varying N supply, 
methods are needed that enable measurement of the differ-
ent root type elongation over time. Rhizoslides enable the 
evaluation of crown root development non-destructively and 
in detail by combining non-destructive regular imaging with 
subsequent image analysis (Le Marié et al., 2014). Here, we 
present a further development of the rhizoslide system, ena-
bling split-nutrient application. We aimed to test this system 
for its suitability to (i) observe crown root development in 
response to local N application in high temporal resolution, 
(ii) model and parameterize this response, and (iii) use the 
model parameters to evaluate the independence of growth of 
individual roots, growing on the same plant, when a couple of 
these roots were subject to an N patch. Moreover, this method 
allowed us to determine (iv) development of which root type 
was tightly linked to shoot growth and (v) the importance of 
the primary root on shoot and root development.
Materials and methods
Rhizoslide construction
Experiments were carried out in so called split-nutrient 
rhizoslides that were developed by Le Marié et al. (2014) and 
facilitate the two-dimensional growth of root systems over 
time alongside germination paper surfaces. The rhizoslides 
consisted of Plexiglas plates (length 65 cm; width 57 cm; thick-
ness 4 mm) with blue germination paper on each side (Anchor 
steel blue seed germination blotter; Anchor Paper Co., Saint 
Paul, Minnesota, USA; 61 × 48.4 cm) covered with oxygen 
permeable transparent, polypropylene foil with micro holes 
of 70 µm (Maag GmbH, Iserlohn, Germany). The split-nutri-
ent system was constructed by creating a water impermeable 
barrier from top to bottom in the germination paper by iron-
ing into it a narrow band of wax (Wax pen, Knorr Prandell 
GmbH, Lichtenfels, Germany) (Supplementary Fig. S1A). 
After this, the germination paper was sterilized by heating in 
an oven at 80°C for 2 h for three consecutive days (tyndal-
lisation). During the time spans between the heating periods, 
the germination paper was kept in the oven at 30°C with a 
petri dish filled with deionized water to keep air humidity 
high (~50%). The germination paper was then impregnated 
with a 2.5 g l-1 Captan solution (Malvin WG, Syngenta Agro 
AG, Dielsdorf, Switzerland) to suppress the development of 
fungi. Two PVC plates (60 × 10 × 1 cm) were attached to the 
short side of the rhizoslides using flash washers as spacers 
between the Plexiglas plate and PVC plates. The PVC plates 
enabled the vertical placement of the rhizoslides in a rack 
protected against light. Two plants were grown in one rhizos-
lide, on each side of the Plexiglas plate one (Supplementary 
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Fig. S1). Seedlings were placed in oval cylinders of black foil, 
filled with water-retaining material (Seramis clay granules, 
Seramis GmbH, Mogendorf, Germany) between the trans-
parent foil and germination paper on top of the wax barrier 
(Supplementary Fig. S1B, C). To provide the plant shoots 
with sufficient space, the wax barrier was not placed exactly 
in the middle of the germination paper, but slightly (2.2 cm) 
shifted to one side leaving 4.4 cm room between the shoot of 
the plant growing on the front of the rhizoslide and the shoot 
of the plant growing on the back of the rhizoslide. This ena-
bled the placement of seedlings on top of the wax barrier and 
at the same time next to each other. To prevent roots from 
being squashed, rubber flash washers were placed between 
the PVC plates and transparent foil on each side of the black 
foil cylinder (Supplementary Fig. S1B). The rhizoslides were 
each covered from the top with a flat PVC plate with two 
holes for the plants to grow through, to prevent incidence of 
light from above (Supplementary Fig. S1A).
The four compartments (two on each side of the Plexiglas 
plate) that were created by the wax barrier in the germination 
paper were watered separately. For this, four tubes were fixed 
at the top side of each compartment between the germination 
paper and the transparent foil.
The tubes were attached to drippers (Gardena pressure 
compensating row drippers supplemented with pumps and 
transformers from the Gardena Micro-drip Terrace irriga-
tion system with additional timers; Gardena GmbH, Ulm, 
Germany) that were set to drip 35 ml of nutrient solution 
twice a day. To prevent PO4
3- from precipitating, PO4
3- was 
kept together with the micronutrients and Fe-EDTA solution 
separate from the other nutrients and both solutions were 
mixed 30 min before flush through (see ‘Plant cultivation’ 
for solution composition). To prevent roots suffering from 
hypoxia, the mixed nutrient solutions were bubbled with air 
prior to supplying them to the plants. To prevent fungal infec-
tions during plant growth, 0.066 g l-1 of the fungicide Captan 
was added to the unmixed nutrient solutions (Malvin WG, 
Syngenta Agro AG, Dielsdorf, Switzerland). The pH of the 
unmixed nutrient solutions was adjusted to 6.0 with NaOH 
(final concentration Na+ ~20 µM).
Plant cultivation
Maize seeds (Zea mays L., genotype B73×UH007, sup-
plied by Delley Seeds and Plants Ltd, Delley, Switzerland) 
were sterilized in bleach (1.5% in water; v:v) for 15 min and 
incubated in Petri dishes lined with filter paper soaked with 
a soil bacteria mixture (0.0001% RhizoPlus 42, Andermatt 
Biocontrol AG, Grossdietwil, Switzerland and 0.01% FZB24, 
Bayer AG CropScience, Zollikofen, Switzerland) to promote 
the development of a healthy rhizosphere and protect against 
seed-borne infections. During germination, seeds were kept in 
the dark at 26°C. After 70 h, seedlings were transferred into 
the rhizoslides and placed in a climate chamber at 26°C dur-
ing the 14 h light and 20°C during the 8 h dark period. Air 
humidity was 60% and light intensity 720−760 µmol m-2 s-1 
photosynthetic photon flux density (PPFD) at plant canopy 
level supplied by 2/3 cool daylight tubes (Philips Master TL 5 
HO 54W/840; Philips, Amsterdam, The Netherlands) supple-
mented with 1/3 Grolux tubes (Sylvania Grolux FHO 36W/
T5/GRO; Havells India Ltd, Noida, India). Plants received 
nutrient solution without N containing 5 mM KCl, 5 mM 
CaCl2, 2 mM MgSO4, 0.5 mM KH2PO4, 0.04 mM FeEDTA 
and micronutrients (9  µM MnCl2, 0.2  µM CuSO4, 46  µM 
H3BO3, 0.58 µM Na2MoO4 and 0.77 µM ZnSO4) in both com-
partments for 12 d after transplantation. The first 7 d after 
transplantation, plants also received nutrient solution with-
out N twice a day at the shoot (40 ml) to prevent the young 
roots from drying. The 12 d period without N was meant to 
minimize the influence of seed reserves and to create N defi-
cient repression of selective root placement due to a high N 
content of the shoot. Twelve days after transplantation (set as 
time point 0; Fig. 1A), the nutrient solution in one compart-
ment was changed to high N containing 5 mM KNO3, 5 mM 
Ca(NO3)2, 2 mM MgSO4, 1 mM NH4NO3, 0.5 mM KH2PO4, 
0.04 mM FeEDTA and micronutrients (same as for the nutri-
ent solution without N). Ion strength and free ion activity for 
both the solution with and without N were estimated using 
the chemical speciation programme GEOCHEM-EZ (Schaff 
et al., 2010), and the solutions were adjusted accordingly to 
keep them as similar as possible with exception of the N con-
centration. The high N solution was used as a basis, and the 
nutrient concentrations in the high N solution were adjusted 
for which KNO3 and Ca(NO3)2 were replaced by KCl and 
CaCl2 (final concentration of Cl
- 15 mM, which is considered 
non-toxic for maize; Ashraf, 1994) and NH4NO3 completely 
removed.
Daily image capture and analysis
In each run, four plants were grown in the split-nutrient 
rhizoslide setup. From two of  these, the primary root was 
cut off  2 d after transplantation into the rhizoslides. This 
was replicated five times over time resulting in 20 plants; 
10 with and 10 without primary root. From 4 d after 
transplantation until the end of  the growing period, daily 
images were taken of  the whole root system with a 21 mega 
pixel full-frame digital single-lens reflex camera (EOS 5D 
Mark II, Canon, Tokyo, Japan) equipped with a 50 mm 
lens (compact macro 50 mm f/2.5, Canon, Tokyo, Japan) 
and circular polarizer (Hama, Augsburg, Germany). For 
this, plants were placed in a frame with the camera fixed at 
125 cm distance from the root system. Imaging and image 
pre-processing was carried out as described by Le Marié 
et al. (2014). As soon as a root reached the side or bottom 
of  the germination paper, it was not traced any further. 
Tracing was stopped to avoid modelling of  effects that 
were due to the size of  the rhizoslide rather than the effect 
of  the nutrient solution or root age. Crown roots reach-
ing the bottom appeared not to influence elongation rates 
of  associated laterals or other parts of  the root system 
(data not shown). Next, root elongation of  the crown roots 
over time was calculated using R (R Core Team, 2013). 
Crown roots that were not present at one day after solu-
tion change (DASC) were discarded, as well as roots that 
had less than four measurement points, and roots showing 
5510 | in ‘t Zandt et al.
zigzag patterns or negative root elongation rates. In a 
few cases, roots were growing on the wax layer. In these 
cases, root elongation values were removed during these 
periods. Crown lateral roots were traced with SmartRoot 
after solution change (time point 0). For this a 5 cm zone 
on the crown root axis was chosen, the lateral initiation 
zone, beneath the last formed laterals and taking a 5 cm 
buffer zone from the PVC plate into account (Fig. 2). This 
lateral initiation zone could be determined at 1−2 DASC, 
and from then on, the number of  laterals was determined 
each day. Additionally, the five laterals that initiated first in 
this zone, were traced with SmartRoot until the end of  the 
experimental period. Root elongation was calculated for 
these laterals using R.
CCD image capture and analysis
From -1 to 1 DASC, a crown root tip in the left compartment 
and a crown root tip in the right compartment of the rhizos-
lide of half the number of plants (one with and one without 
the primary root) was monitored with monochrome Charge 
Coupled Device (CCD) cameras (Scorpion SCOR-20SO, 
Point Grey Research Inc, Richmond, British Columbia, 
Canada) equipped with a 25 mm lens (Cosmicar/Pentax, The 
Imaging Source, Bremen, Germany) and supplemented with a 
940 nm infrared filter (Edmund Optics, Karlsruhe, Germany). 
Plants were placed in a black box in which the roots to be 
monitored were illuminated with near-infrared LED lights 
(880/940 nm) to avoid interference with root growth (Fig. 1B). 
Images were taken every 90 sec at a resolution of 720 × 1280 
pixels. After 22 h (time point 0) the low N solution in one com-
partment was changed to high N solution. For this, the desired 
nutrient solution in both compartments was flushed through 
for 3 min.
Images were analysed with a slightly adapted version of 
the Martrack Leaf software (Mielewczik et  al., 2013) that 
traced the root tip throughout the image sequences and a 
custom routine in Matlab calculated root elongation rates 
over time.
Fig. 2. Selection of the lateral initiation zone (LIZ): after a 5 cm buffer 
zone, the last initiated lateral was defined as the beginning of the analysed 
branching zone. The length of the LIZ was 5 cm.
Fig. 1. (A) Timeline of the experimental period with time indicated in days after solution change (DASC) and (B) setup of the Charge Coupled Device 
(CCD) measurements.
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Final harvest
After 30 d (15 DASC), plants were harvested (Fig. 1A). The 
shoot was cut off  at the base and fresh weight was deter-
mined. After this, the shoot was bagged and dried in an oven 
at 60°C for at least 48 h until weight stabilised, after which 
dry weight was determined. Roots were removed from the 
blue germination paper. The primary root, seminal roots 
from each compartment, crown roots from each compart-
ment and roots growing within or on the other side of  the 
germination paper were bagged and dried separately at 60°C 
for at least 48 h, after which dry weight was determined.
Statistical analyses
The development of  elongation rates of  the different root 
traits was plotted using R and appropriate models were 
chosen according to the shape of  the developmental curves 
(Supplementary Figs S2−S4). For crown root elongation 
before solution change, a simple linear regression was fitted 
(Fig. 3, Slope 1). For crown roots growing in the compart-
ment without N after solution change, a regression model 
with segmented relationships and one breakpoint was fit-
ted using the function segmented() of  the R-package seg-
mented (Muggeo, 2003, 2008). The estimated parameters 
were the slope after solution change (Fig. 3, Slope 2), the 
time at which the breakpoint occurred and the new slope 
after this breakpoint (Fig. 3, Slope 3). For the high N roots 
after solution change, a simple logistic model of  the form
 
F x
e x
( ) =
+ − −( )
β
β β
1
1 2 3( )/
 Eq. 1
was fitted, were ß1 is the asymptote (Fig. 3), ß2 are the days 
after solution change at which half  of  the asymptotic value 
was reached, and ß3 is a scaling factor. Model fitting was 
done using the function nls() in combination with the self-
starting function SSlogis() of  the R-package stats (R Core 
Team, 2013). Spearman’s rank correlations were performed 
to determine the relationship among model parameter esti-
mates and traits measured at final harvest. Significance of 
the differences per measured time point was tested with 
paired t-tests after Bonferroni correction between the no 
N and high N roots. Between plants, unpaired t-tests were 
performed to test for significant differences.
Results
Selective root placement
To determine whether local application of N resulted in selec-
tive root placement, N was applied to only one half  of the 
root system of 15-day-old maize seedlings previously grown 
without N. This resulted in a root biomass that was 3.6 times 
higher in the compartment that received N than in the com-
partment without N (Fig. 4A, Table 1). At the time of solution 
change, the crown root system had already started to develop 
while the seminal roots were 2 weeks old. Accordingly, the N 
placement had a strong effect on the developing crown roots 
which made up 85% of the selectively placed roots. The other 
15% were represented by the seminal roots. The importance 
of the crown root system was also suggested by a positive 
correlation between dry weight of the part of the root system 
in the high N compartment and the dry weight of the shoot, 
whereas no correlation was found between biomass of the 
Fig. 3. Root elongation parameters estimated from the models plotted for 
the no N and high N treated crown axile roots. The dashed, red line indicates 
the time point of solution change at 0 days after solution change (DASC).
Fig. 4. (A) Root distribution in a rhizoslide of 30-day-old Zea mays plants 
of which half the root system was subjected to high (17 mM) N after 
15 d of growing without N. (B) Correlations between dry weight (DW) 
of the shoot and DW of the seminal root system present in the high N 
compartment, and between DW of the shoot and DW of the crown root 
system present in the high N compartment. Significance tested with a 
Spearman’s rank correlation (rs; n=18).
5512 | in ‘t Zandt et al.
seminal root system in the same compartment and dry weight 
of the shoot (Fig. 4B). Based on these data, further analyses 
were done solely on the crown root system.
Crown root development
Individual crown root tip elongation was monitored in high 
time-resolution from one day before until one day after the 
onset of local high N supply (i.e. solution change), to inves-
tigate if  selective root placement was an immediate response 
to increased N. We only analysed those six plants for which 
at least one root on the high N side and one root on the side 
without N could be tracked. Crown axile root elongation rates 
before solution change were on average ~3 cm d-1 (Fig. 5A), 
with some diurnal variation (lowest rates in the afternoon, at 
2.0 cm d-1, and fastest rates in the late morning, at 4.0 cm d-1). 
Crown axile roots that received high N showed a relative 
decrease of elongation rates in the first half  hour after solu-
tion change, but recovered thereafter. Overall, crown axile 
roots that received high N did not show a clear change in 
elongation rate within the first day compared to roots of the 
same plant that did not receive N (Fig. 5A). Apparently, if  
crown axile roots respond to an increase in local N, this needs 
a longer initiation period than 1 d. Therefore, root elongation 
was monitored at longer time intervals during the following 
15 d. In contrast to the first day, crown axile root elongation 
rates over the remainder of the experimental period showed a 
striking response to locally applied N (Fig. 5B, Table 2). The 
slightly slowing elongation rates just before solution change 
continued for roots kept without N until the breakpoint at 
~6.4 DASC, after which root elongation rates more or less 
stabilized at a rate of 1.2 cm d-1. Crown axile root elongation 
rates of roots supplied with high N, however, showed a dra-
matic increase in growth rates, levelling off  to a maximum 
asymptote of on average 5.3 cm d-1. To estimate the rapidness 
of this response, we calculated the time at which the roots 
reached 95% of their asymptotic value. This 95% of the maxi-
mum elongation rate was reached at approximately 4 DASC 
Table 1. Effects of local nitrogen application (NN, no nitrogen; 
HN, high nitrogen) on dry weight (DW) of the shoot and root of 
Zea mays plants
DW Shoot (g) DW Seminal (g) DW Crown (g)
0.730 ± 0.06
NN 0.032 ± 0.01* 0.100 ± 0.01***
HN 0.072 ± 0.01 0.399 ± 0.04
Plants were grown without N for 15 d after which half of the root 
system received 17 mM nitrogen. Values are means ±SE (n=18). 
Asterisks indicate significance between LN and HN (paired t-test: ***, 
P<0.001; **, P<0.01; *, P<0.05; (*), P<0.1; NS, P<1.0).
BA
C D
No N
High N
No N
High N
No N
High N
No N
High N
Fig. 5. Root dynamics of crown axis and first order crown lateral roots in split-root rhizoslides subjected to either no nitrogen (N) or high (17 mM) N after 
15 d of growing without N. Crown axile root elongation determined by (A) tracking crown root tips with charge coupled device (CCD) cameras from 
-1 days after solution change (DASC) until 1 DASC, and (B) tracings of all the crown root tips over the whole experimental period. (C) Lateral root density 
on the crown root axis, and (D) elongation rates of these lateral roots. The dashed, red line indicates the time point of solution change, and the light 
grey squares night time. Values are means ±SE (n=2−13), asterisks indicate significant differences between the no N and high N roots (paired t-test with 
Bonferroni correction, P<0.05).
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and for the majority of roots stayed at this maximum until 
the end of the experiment at 15 DASC (Fig.  5B, Table  2, 
Supplementary Fig. S2).
Lateral root development
A typical response of cereals to locally applied N is the 
development of more lateral roots within the N rich patch 
(Hackett, 1972; Drew et  al., 1973; Drew, 1975). To quan-
tify this response over time, crown lateral root initiation was 
monitored after solution change, in both the part of the root 
system with high N and the part without N. Lateral root den-
sity on the crown root axis reached a maximum that was two 
to three times higher for the high N roots compared to the 
roots without N (1.0 laterals cm-1 without N, and 2.6 later-
als cm-1 with N, respectively; Fig.  5C). Moreover, the time 
to reach this maximum differed considerably (4 d without N, 
and 2 d with N, respectively; Fig.  5C, Supplementary Fig. 
S3). Elongation rates of the initiated laterals were also influ-
enced by the presence of N: without N, laterals initiated, but 
did not elongate beyond 1−5 mm. Laterals in the compart-
ment with N had already a higher elongation rate at 1 DASC, 
and showed every day a further increase in elongation rate 
of, on average, 0.14 cm d-1 (Fig. 5D). This resulted in lengths 
of up to 18 cm at 12 DASC, whereas the laterals without 
N only reached lengths of up to 1 cm (Supplementary Fig. 
S5). The maximum asymptote for lateral root elongation for 
most laterals was reached at approximately 8 DASC, at on 
average 1.5−2 cm d-1. A few roots, however, did not show a 
clear maximum asymptote within the experimental period 
(Supplementary Fig. S4).
Correlation of root growth parameters with plant 
performance
We tested the correlation of the root dynamics during the dif-
ferent phases with final measurements at harvest. The stronger 
the elongation rate of crown axile roots declined before solu-
tion change (slope 1, Fig. 3A), the lower was the final root and 
shoot dry weight. Per gram of increase in dry weight of the total 
plant, slope 1 decreased with 0.20 cm d-1 (Table 3). This indi-
cates that the strong differences in dry weight between plants 
were established during the first 2 weeks of the experiment. 
After solution change, no significant correlations occurred 
anymore between biomass parameters and elongation rates of 
crown axile roots (data not shown) supporting the hypothesis 
that variation between plants was established early. After solu-
tion change, the time point at which 50% of all crown laterals 
in the high N compartment were formed, was positively cor-
related with dry weight of the shoot. A 0.1 g increase in dry 
weight of the shoot was associated with an almost half day ear-
lier formation of 50% of all crown laterals in the high N com-
partment (Table 3). Thereafter, the acceleration of elongation 
of these laterals in the high N compartment was negatively cor-
related with dry weight of the roots in the same compartment 
(seminal plus crown root system; Table 3). With each gram of 
roots that was more present in the high N compartment, the 
slope of lateral root elongation decreased with 0.6 cm d-1.
Effect of primary root removal
In split-root experiments, the primary root may cause a bias, 
since it can only be placed in one of the compartments and 
thus affect root biomass in that compartment. In this study, 
the primary root of half  of the plants was removed 2 d after 
transplantation to determine the influence on selective root 
placement. Significant effects occurred neither on the bio-
mass of the shoot and total root system nor on the dry weight 
of the crown root system (Supplementary Fig. S6).
Table 2. Parameters describing crown axile and crown lateral root elongation over time of split-root no N (NN) and high N (HN) roots
Crown Lateral
Slope (cm d-2) Break point Asymptote Slope (cm d-2)
1 2 3 x (DASC) y (cm day-1) x (DASC) y (cm day-1)
NN -0.26 NS -0.41 0.02 6.4 1.2 0.00 ***
HN -0.10 4.0 5.3 0.14
DASC, days after solution change. Crown axile and lateral root parameters were estimated from plotted models for Fig. 5B, with exception of 
the x-value of the asymptote, which was estimated directly from Fig. 5B, and crown lateral root initiation parameters, which were estimated from 
Fig. 5D. Values are means (n=6−13); asterisks indicate a significant difference between NN and HN roots (paired t-test: ***, P<0.001; **, P<0.01; 
*, P<0.05; (*), P<0.1; NS, P<1.0). See Fig. 3 for an explanation of the parameters.
Table 3. Correlations between parameters describing root 
development in a split-root system with half the root system 
supplied with no N (NN) and the other half with high N (HN)
Parameter 1 Parameter 2 rs Significance
Slope 1 DW total plant -0.76 *
Slope 1 DW roots -0.67 *
Slope 1 DW shoot -0.60 (*)
Slope 1 FW shoot -0.71 *
Reached 50% HN DW shoot 0.89 *
Slope lat HN DW roots HN -0.89 *
DW, dry weight; FW, fresh weight; ‘Reached 50% HN’, time point at 
which 50% of all laterals were formed in the high N compartment; 
‘Slope lat HN’, acceleration of elongation of laterals in the high N 
compartment. If not indicated otherwise, no N and high N root 
parameters were taken together. Spearman’s rank correlation 
coefficient (rs) indicates statistical dependence (n=6−9; (paired t-test: 
***, P<0.001; **, P<0.01; *, P<0.05; (*), P<0.1; NS, P<1.0). See Fig. 3 
for model estimated parameters.
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A significant 2-fold increase in dry weight of the total 
seminal root system was found when the primary root was 
removed (Supplementary Fig. S6). However, when seminal 
root biomass in the separate compartments without and with 
high N was compared between plants with and without pri-
mary root, this difference disappeared (data not shown). The 
model-derived parameters, as well as crown root emergence, 
were not significantly affected by primary root removal. 
A  trend indicated, however, a 2-fold higher elongation rate 
from 1.0 to 2.0 cm d-1 at the breakpoint for crown roots grown 
without N, when the primary root was removed (data not 
shown). Despite the comparably high number of replications, 
insufficient data were available to proof the significance of the 
primary root placement in either the low or high N compart-
ment for the growth dynamics of the remaining root system.
Discussion
N patches cause faster elongation of crown roots
The elongation of crown roots increased asymptotically upon 
exposure to high N to an average of 5.3 cm d-1 at ~4 DASC. 
It is well established, that a heterogeneous distribution of N 
in the soil can lead to selective root placement resulting in a 
higher root length in the N patch than in the surrounding soil 
(e.g. Hackett, 1972; Drew, 1975; Fransen et al., 1998; Zhang 
and Forde 1998; Remans et al., 2006). This response could, 
however, only be observed on the slightly long term, i.e. from 
daily images, and not on the short term, i.e. on the high-time-
resolution CCD measurements. The CCD measurements did 
not reveal a short-term response by changes in root growth, 
whereas root growth started to increase 24−48 h after solution 
change. This timing is in line with observations of Tabata et al. 
(2014) where NO3
- transporters were up-regulated ~24 h after 
exposure of Arabidopsis roots to N-rich medium. Similar 
dramatic increases in elongation rates were not observed in 
seminal roots in experiments by Drew et al. (1973) on bar-
ley. These roots grew from a low NO3
- compartment into a 
high NO3
- compartment, and showed only a slight increase 
17.5 d after entering the high NO3
- compartment. This differ-
ence in response might be related to the internal N status of 
the shoot. Our maize plants were likely to be N starved from 
growing without N for 12 d, while the roots of the barley 
plants in the experiments of Drew et al. (1973), with excep-
tion of one seminal root, were growing on high NO3
-, caus-
ing a higher internal N status, and therefore possibly a slower 
and less prominent response. This hypothesis is quite likely, 
as N starvation on one side of the root system, leading to an 
up-regulation of NO3
- uptake on the other side of the root 
system, is mediated by the shoot (Tabata et al., 2014). The 
reason for this indirect pathway may be a check for the N 
status of the shoot. We found that root elongation on the side 
without N declined until a ‘change point’ of 1.2 cm d-1 ~6.3 d 
after solution change. This decrease is consistent with the 
decrease in elongation rates of the seminal root axes of bar-
ley growing from a low NO3
- compartment into another low 
NO3
- compartment (Drew et al., 1973). Also here, a break-
point was suggested for the elongation rate of these roots. 
Possibly, allocation of resources from the shoot to these roots 
in N-deficient conditions was gradually declining.
N patches strongly stimulate lateral root production 
with most dramatic effects on lateral root elongation
The total lateral root length increased within the high N 
patch, which resulted from both longer lateral roots and 
an increase in lateral root density on the crown root axis. 
Selective root placement has most often been reported as an 
increase in lateral root production (e.g. Hackett, 1972; Drew 
et  al., 1973; Fransen et  al., 1998; Zhang and Forde 1998; 
Remans et al., 2006). The increase of both length and den-
sities of lateral roots is consistent with findings for barley 
(Drew et al., 1973; Drew, 1975), wheat (Hackett, 1972) and 
maize (Granato and Raper, 1989), but is in contrast with find-
ings for Arabidopsis where only lateral root length increased 
and not lateral root density (Zhang and Forde, 1998; Zhang 
et al., 1999). However, Arabidopsis, in contrast to the cereals 
barley, wheat and maize, only has laterals developing from 
the primary root, and therefore an entirely different type of 
root architecture. For maize it has, however, also been sug-
gested that a local high NO3
- concentration does not affect 
lateral root density on the primary root axis (Yu et al., 2014). 
This divergent observation might be caused by a difference in 
developmental stage, since very young seedlings were used in 
the latter study (7 d after germination), with a strong influ-
ence of seed reserves on root morphology as demonstrated 
by Enns et al. (2006).
The lateral root density in the 5 cm observation zone 
increased to a maximum within 3−4 d.  The final density 
under high N was with 2.3 roots cm-1 about two to three 
times higher compared to the density at the side without 
N. These values are still lower than those found in solution 
and sand culture for maize (Yu et  al., 2014). One explana-
tion could be the delayed formation of new lateral roots. To 
verify this hypothesis, we counted lateral roots in the second 
half  of the rhizoslide and found lateral root densities of 4.5 
laterals per cm on the high N side and 1.1 laterals per cm on 
the side without N. However, the branching density observed 
by Yu et al. (2014) was still higher. This could probably be 
a result of the use of a different genotype, and cultivation 
systems with more contact between roots and substrate. In 
rhizoslides, only about half  of the root is in contact with the 
paper substrate while the other half  is exposed to the foil 
cover, which may limit development of laterals. Hund et al. 
(2009) however used a similar system and found ~7 lateral 
roots per cm primary axile root for most extreme genotypes. 
Since primordia numbers were not determined in the present 
study, it is unclear whether this was resulting from a higher 
percentage of primordia emergences or from the presence 
of more primordia. However, Jordan et al. (1993) suggested 
that maize typically lacks dormant root primordia, favour-
ing the second hypothesis. In the compartment without N, it 
took twice as long to reach the maximum lateral root density 
of the first order laterals on the crown axis compared to in 
the high N compartment. After reaching this maximum, no 
additional laterals were formed on that particular part of the 
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crown root axis in both the compartments with and without 
N. This suggests that once first order laterals were formed, no 
additional laterals could be produced in response to the pre-
vailing conditions, as also found for wheat (Hackett, 1972). 
Carbohydrate allocation may play an important role in the 
increase in lateral root densities on the root axis, as suggested 
by the increase in lateral root density in both Arabidopsis and 
wheat in response to glucose or sucrose feeding (Bingham 
et al., 1998; Crookshanks et al., 1998). Tobacco roots, how-
ever, did not show a similar response (Stitt and Feil, 1999). 
To date it is unknown if  these effects were results of previous 
carbon limitation or if  the sugars acted as signal molecules 
(Forde, 2002).
The most remarkable change in the whole root system was 
the prolonged elongation of the lateral roots exposed to high 
N, while those without N stayed short. The elongation rates 
for most laterals under high N in our experiment increased 
linearly to values as high as 2.0 cm d-1. Some growth rates 
even proceeded to increase linearly until the end of the exper-
imental period (15 DASC; Supplementary Fig. S4). This is 
clearly not in line with previous work, where first order lateral 
roots of crown and seminal roots of maize were short, reach-
ing only ~3 cm in length (McCully, 1999; Hund et al., 2007, 
2011) and only ~10% of the laterals reach a length greater 
than 10 cm (Pagès and Pellerin, 1994). Usually an exponential 
decrease in elongation rates is assumed for first order later-
als of maize (Pagès et al., 1989). Prolonged elongation rates 
are usually only known for the primary lateral root of some 
genotypes of maize (Hund et al., 2004, 2007). It seems that 
the response to a spatially varying N concentration allows the 
root system to respond with prolonged and fast elongation of 
crown lateral roots.
Compared to a study on barley (Drew et  al., 1973), we 
observed an elongation rate that was more than three times 
greater. An important factor in this may have been, again, the 
stronger N deficiency of the maize plants in our study.
Removal of the primary root affects growth of the other 
root types
The position of the singular primary root in a split-root setup, 
being either in the compartment with or without N, could 
potentially affect the response of other parts of the root sys-
tem. This is why the primary root is often partially or com-
pletely removed at the start of the experiment (e.g. Granato 
and Raper, 1989; Schortemeyer et al., 1993; Marschner and 
Baumann, 2003; Shen et al., 2005; Remans et al., 2006). Such 
removal of the primary root in our experiments had a sig-
nificant positive effect on the size of the seminal root sys-
tem, suggesting an early competition between primary and 
seminal roots for carbon. However, the final total size of the 
crown root system was not significantly influenced. Still, a 
2-fold higher elongation rate of the crown roots without N at 
the breakpoint of the segmented regression was apparent for 
plants without their primary root. Removal of the primary 
root thus influenced the seminal and, to a lesser extent, the 
crown root system. A thorough consideration of how to cope 
with primary root position in split-root setups is therefore 
important, especially when studying the embryonic root 
system.
No direct dependence of the dynamic of roots 
exposed to differential N supply
The two to three times greater lateral root density on the 
crown root axis, the striking increase in lateral root elonga-
tion, and the fast increase in crown axile root elongation 
clearly indicate that the plants prioritized N uptake from the 
N patch. On the other hand, only few laterals were formed in 
the compartment without N, which ceased to elongate within 
the first day after formation. We correlated the estimated 
model parameters of the different root-response models to 
evaluate their dependency. There was no correlation between 
these model parameters determined under no N conditions 
and those determined under high N. For example, the time 
until 95% of the asymptotic value was reached for crown 
root elongation on the high N side was not correlated with 
the time until the break point was reached on the no N side. 
This indicates a large degree of independency. In the case of 
a direct dependency within the network of roots, we would 
have expected a correlation among different parameters. The 
lack of direct dependencies may be plausible when consider-
ing the shoot as an organ integrating signals from roots with-
out N to roots with high N (Tabata et al., 2014). We measured 
shoot traits only at the end of the experiment. Nevertheless, 
the correlation between the early decline in root elongation 
rates and plant weight indicates that differences among plants 
established before solution change. After solution change, 
later larger plants seemed to be able to form lateral roots in 
response to N more rapidly. Clearly, a similar dynamic for the 
shoot would benefit the interpretation of these root-shoot-
root interactions. For this reason, we added shoot imaging to 
the next version of the rhizoslide system.
Perspectives for application
The strong selective root placement demonstrates the excep-
tional plasticity of the maize crown roots, and the strong 
ability of the B73×UH007 hybrid to respond to local N 
patches. The mother inbred line B73 is one of the most suc-
cessful inbred lines, being incorporated in many breeding 
programmes throughout the world. It may be speculated that 
the strong responsiveness of crown roots to N is part of its 
success, which would somehow contradict the philosophy 
to only select for unresponsive root systems, as proposed by 
Lynch (2013). However, we think that the extreme responses 
observed here were likely caused by severe N-starvation in the 
first 2 weeks of growth. In a follow-up study, with 1.7 mM N 
during the first 2 weeks, the response was more moderate and 
the length of the lateral roots was ~3 cm as observed usually 
(data not shown). Most plants will seek for an optimization 
of N uptake to maintain organ growth depending on their 
nutrient status. Such foraging behaviour would support the 
concept that also a generally high responsiveness to locally 
varying nutrient supply could benefit the plant if  coping 
with heterogeneous nutrient conditions. A  modelling study 
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by Dunbabin et al. (2004) showed that a root system capable 
of strong selective root placement to N displayed a >2-fold 
higher N uptake efficiency throughout the whole growing sea-
son, compared to a root system that was only poorly capable 
of selective root placement to N. This suggests that particu-
larly when N fertilizer is applied side-banded during sowing, 
varieties with the ability of a strong selective root placement 
may benefit most and, subsequently, decrease NO3
- leaching 
(Dunbabin et al., 2003). Maize seems to be a suitable species 
to start such experimental systems, since it has been shown 
that it is capable of finding and colonizing a fertilized furrow 
in the field (Skinner et al., 1998; Chassot et al., 2001). Great 
potential thus seems to exist for improved N management 
through patch-wise N fertilization in such a cropping system.
Only a few quantitative genetic studies focus on the char-
acteristics of the crown root system (Hund et al., 2011) and 
the limited research conducted on the post-embryonic root 
system leaves a big gap in our understanding of the plas-
ticity and functioning of this most prominent root type of 
maize. The rhizoslide setup combined with the root growth 
modelling approach presented could be a first step in the 
direction of high-throughput screening allowing detection 
of QTLs responsible for favourable root traits under limited 
N; whereas the most time-intensive step is still the image 
analysis. As the lateral root tracing is time-intense, we would 
suggest counting branching densities and determination of 
lateral root length only at critical time points. For example, 
this study demonstrated that the last time point would be rep-
resentative of branching density. To screen crown roots of a 
population of 1000 individual plants in the manner proposed 
here, the image analysis would entail around one month’s 
work, a feasible option in our opinion.
Supplementary data
Supplementary data is available at JXB online.
Supplementary Figure S1. Rhizoslide construction.
Supplementary Figure S2. Root elongation rates of indi-
vidual maize crown roots grown in a split-root rhizoslide 
system.
Supplementary Figure S3. Lateral root density on the 
crown root axis of maize for roots grown in a split-root 
rhizoslide system.
Supplementary Figure S4. Lateral root elongation rates of 
individual roots of maize of crown roots grown in a split-root 
rhizoslide system.
Supplementary Figure S5. Crown lateral root length of 
maize plants over time grown in a split-root rhizoslide sys-
tem with half  the root system in no N and the other half  in 
high N.
Supplementary Figure S6. Dry weight (DW) of the seminal 
and crown root system of maize plants grown in rhizoslides.
Acknowledgements
We would like to thank Achim Walter for valuable advice on diurnal root 
growth measurements and Bertrand Muller and Philippe Nacry for their 
help and discussion concerning the method. Thanks to Delley Semences et 
Plantes SA for hybrid production and to Albrecht Melchinger, University 
of Hohenheim for supplying the UH007 inbred line. This research received 
funding from the European Community Seventh Framework Programme 
FP7-KBBE-2011–5 under grant agreement no.  289300 and the Erasmus 
Mobility Grant from the Lifelong Learning Programme of the European 
Union.
References
Ashraf M. 1994. Breeding for salinity tolerance in plants. Critical Reviews 
in Plant Sciences 13, 17−42.
Bingham IJ, Blackwood JM, Stevenson EA. 1998. Relationship 
between tissue sugar content, phloem import and lateral root initiation in 
wheat. Physiologia Plantarum 103, 107−113.
Cahill JF, McNickle GG. 2011. The behavioural ecology of nutrient 
foraging by plants. Annual Review of Ecology, Evolution and Systematics 
42, 289−311.
Chassot A, Stamp P, Richner W. 2001. Root distribution and 
morphology of maize seedlings as affected by tillage and fertilizer 
placement. Plant and Soil 231, 123−135.
Crookshanks M, Taylor G, Dolan L. 1998. A model system to study the 
effects of elevated CO2 on the developmental physiology of roots: the use 
of Arabidopsis thaliana. Journal of Experimental Botany 49, 593−597.
Drew MC. 1975. Comparison of the effects of a localized supply of 
phosphate, nitrate, ammonium and potassium on the growth of the 
seminal root system, and the shoot, in barley. New Phytologist 75, 
479–490.
Drew MC, Saker LR, Ashley TW. 1973. Nutrient supply and the growth 
of the seminal root system in barley. Journal of Experimental Botany 24, 
1189–2202.
Dunbabin V, Diggle AJ, Rengel Z. 2003. Is there an optimal root 
architecture for nitrate capture in leaching environments? Plant, Cell & 
Environment 26, 835–844.
Dunbabin V, Rengel Z, Diggle AJ. 2004. Simulating form and function 
of root systems: efficiency of nitrate uptake is dependent on root system 
architecture and the spatial and temporal variability of nitrate supply. 
Functional Ecology 18, 204–211.
ENA. 2011. European nitrogen assessment: sources, effects and policy 
perspectives . Cambridge University Press, Cambridge.
Enns LC, McCully ME, Canny MJ. 2006. Branch roots of young maize 
seedlings, their production, growth, and phloem supply from the primary 
root. Functional Plant Biology 33, 391–399.
FAO. 2014. Available at http://www.fao.org/, accessed 28 October 2014.
Forde BG. 2002. The role of long-distance signalling in plant responses to 
nitrate and other nutrients. Journal of Experimental Botany 53, 39–43.
Fransen B, de Kroon H, Berendse F. 1998. Root morphological 
plasticity and nutrient acquisition of perennial grass species from habitats 
of different nutrient availability. Oecologia 115, 351–358.
Galloway JN, Aber JD, Erisman JW, Seitzinger SP, Howarth RW, 
Cowling EB, Cosby BJ. 2003. The nitrogen cascade. BioScience 53, 
341–356.
Galloway JN, Dentener FJ, Capone DG, et al. 2004. Nitrogen cycles: 
past, present, and future. Biogeochemistry 70, 153–226.
Granato TC, Raper CD. 1989. Proliferation of maize (Zea mays L.) roots 
in response to localized supply of nitrate. Journal of Experimental Botany 
40, 263–275.
Hackett C. 1972. A method of applying nutrients locally to roots under 
controlled conditions, and some morphological effects of locally applied 
nitrate on the branching of wheat roots. Australian Journal of Biological 
Sciences 25, 1169–1180.
Hodge A. 2004. The plastic plant: root responses to heterogeneous 
supplies of nutrients. New Phytologist 162, 9–24.
Hund A, Fracheboud Y, Soldati A, Frascarolli E, Salvi S,Stamp P. 
2004. QTL controlling root and shoot traits of maize seedlings und cold 
stress. Theoretical and Applied Genetics 109, 618–629.
Hund A, Reimer R, Messmer R. 2011. A consensus map of QTLs 
controlling the root length of maize. Plant and Soil 344, 143–158.
High-resolution quantification of root dynamics | 5517
Hund A, Richner W, Soldati, Fracheboud Y, Stamp P. 2007. Root 
morphology and photosynthetic performance of maize in bred lines at low 
temperature. European Journal of Agronomy 27, 52–61.
Hund A, Trachsel S, Stamp P. 2009. Growth of axile and lateral roots 
of maize: I development of a phenotyping platform. Plant and Soil 325, 
335–349.
IPCC. 2013. Climate Change 2013. The physical science basis. 
Summary for policymakers. Working Group I, contribution to the fifth 
assessment report of the Intergovernmental Panel on Climate Change. 
Intergovernmental Panel on Climate Change, Switzerland.
Jordan MO, Harada J, Bruchou C, Yamazaki K. 1993. Maize nodal 
root ramification: absence of dormant primordia, root classification using 
histological parameters and consequences on sap conduction. Plant and 
Soil 153, 125–143.
de Kroon H, Visser EJW, Huber H, Mommer L, Hutchings MJ. 2009. 
A modular concept of plant foraging behaviour: the interplay between local 
responses and systemic control. Plant, Cell & Environment 32, 704–712.
Le Marié C, Kirchgessner N, Marschall D, Walter A, Hund A. 2014. 
Rhizoslides: paper-based growth system for non-destructive, high 
throughput phenotyping of root development by means of image analysis. 
Plant Methods 10, 13.
Lynch JP. 2013. Steep, cheap and deep: an ideotype to optimize water 
and N acquisition by maize root systems. Annals of Botany 112, 347–357.
Marschner P, Baumann K. 2003. Changes in bacterial community 
structure induced by mycorrhizal colonisation in split-root maize. Plant and 
Soil 251, 279–289.
McCully ME. 1999. Roots in soil: unearthing the complexities of roots and 
their rhizospheres. Annual Review of Plant Physiology and Plant Molecular 
Biology 50, 695–718.
Mielewczik M, Friedli M, Kirchgessner N, Walter A. 2013. Dial 
leaf growth of soybean: a novel method to analyze two-dimensional 
leaf expansion in high temporal resolution based on a marker tracking 
approach (Martrack Leaf). Plant Methods 9, 30.
Muggeo VMR. 2003. Estimating regression models with unknown break-
points. Statistics in Medicine 22, 3055–3071.
Muggeo VMR. 2008. Segmented: an R package to fit regression models 
with broken-line relationships. R News 8, 20–25.
Nagel KA, Putz A, Gilmer F et al. 2012. GROWSCHREEN-Rhizo is a 
novel phenotyping robot enabling simultaneous measurements of root 
and shoot growth for plants grown in soil-filled rhizotrons. Functional Plant 
Biology 39, 891–904.
Pagès L, Jordan MO, Picard D. 1989. A simulation model of the three-
dimensional architecture of the maize root system. Plant and Soil 119, 
147–154.
Pagès L, Pellerin S. 1994. Evaluation of parameters describing the root 
system architecture of field grown maize plants (Zea mays L.). II. Density, 
length, and branching of first-order lateral roots. Plant and Soil 164, 169–176.
R Core Team. 2013. R: A language and environment for statistical 
computing . R Foundation for Statistical Computing, Vienna, Austria.
Remans T, Nacry P, Pervent M, Filleur S, Diatloff E, Mounier E, 
Tillard P, Forde BG, Gojon A. 2006. The Arabidopsis NRT1.1 transporter 
participates in the signalling pathway triggering root colonization of nitrate-
rich patches. Proceedings of the National Academy of Sciences, USA 103, 
19206–19211.
Robinson D. 1994. The responses of plants to non-uniform supplies of 
nutrients. New Phytologist 127, 635–674.
Schaff JE, Schultz BA, Craft EJ, Clark RT, Kochian LV. 2010. 
GEOCHEM-EZ: a chemical speciation program with greater power and 
flexibility. Plant and Soil 330, 207–214.
Schortemeyer M, Feil B, Stamp P. 1993. Root morphology and nitrogen 
uptake of maize simultaneously supplied with ammonium and nitrate in a 
split-root system. Annals of Botany 72, 107–115.
Shen J, Li H, Neumann G, Zhang F. 2005. Nutrient uptake, cluster 
root formation and exudation of protons and citrate in Lupinus albus as 
affected by localized supply of phosphorus in a split-root system. Plant 
Science 168, 837–845.
Skinner RH, Hanson JD, Benjamin JG. 1998. Root distribution 
following spatial separation of water and nitrogen supply in furrow irrigated 
corn. Plant and Soil 199, 187–194.
Stitt M, Feil R. 1999. Lateral root frequency decreases when nitrate 
accumulates in tobacco transformants with low nitrate reductase activity: 
consequences for the regulation of biomass partitioning between shoots 
and roots. Plant and Soil 215, 143–153.
Tabata R, Sumida K, Yoshii T, Ohyama K, Shinohara H, 
Matsubayashi Y. 2014. Perception of root-derived peptides by shoot 
LRR-RKs mediates systemic N-demand signaling. Science 346, 343.
UNEP. 2013. Drawing down N2O to protect climate and the ozone layer. 
A UNEP Synthesis Report . United Nations Environment Programme, 
Nairobi, Kenya.
Visser EJW, Bögemann GM, Smeets M, de Bruin S, de Kroon H, 
Bouma TJ. 2008. Evidence that ethylene signalling is not involved in 
selective root placement by tobacco plants in response to nutrient-rich soil 
patches. New Phytologist 177, 457–465.
Yu P, Li X, Yuan L, Li C. 2014. A novel morphological response of maize 
(Zea mays) adult roots to heterogeneous nitrate supply revealed by a split-
root experiment. Physiologia Plantarum 150, 133–144.
Zhang H, Forde BG. 1998. An Arabidopsis MADS box gene that 
controls nutrient-induced changes in root architecture. Science 279, 
407–408.
Zhang H, Forde BG. 2000. Regulation of Arabidopsis root development 
by nitrate availability. Journal of Experimental Botany 51, 51–59.
Zhang H, Jennings A, Barlow PW, Forde BG. 1999. Dual pathways 
for regulation of root branching by nitrate. Proceedings of the National 
Academy of Sciences, USA 96, 6529–6534.
